C omputed tomography scanning is a well-established technology, and it provides anatomical information for open (nonstereotactic) neurosurgery. It could also be modified for use in the operating room for iCT scanning. 4, 13, 20, 21, 25, 26 Because of new CT technology, software and hardware and high-resolution scanning including intraoperative angiography and CT perfusion mapping are now available with low radiation exposure and very short scanning times compared with former techniques. This amazing technical development enables the surgeon to work within a closed intraoperative network based on an iCT navigation system; the surgeon is a fixed, integrated part of that network. Combination of iCT scanning with navigation systems allows for an intraoperative update of the registration during surgery and is a new and promising tool of iCT technology.
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Intraoperative CT scanning requires a special fixation system of the head to avoid artifacts that may lead to reduced image quality and therefore unfeasible scans. The usual pins used with the Mayfield clamp are made of steel and not appropriate for CT. For most of the iCT scanners, a carbon Mayfield clamp and titanium pins are used. Our experience showed that this fixation system is suitable, but the images still show artifacts. To avoid pin-related artifacts, the position of the headholder clamp might be modified. However, this can lead to a bad compromise of suboptimal head fixation with a persistent probability of artifacts. Moreover, interference of the pins with the scanned region of interest appears only after the first imaging procedure after final positioning of the patient. Thus, artifact-free pin holders are needed to avoid pin-related artifacts without compromise in regard to head fixation.
Evaluation of new radiolucent polymer headholder pins for use in intraoperative computed tomography Technical note In the laboratory, new pins made of polymers (polyparaphenylene copolymer) were developed, which produced nearly no artifacts in CT. The present study examined the biomechanical qualities and the influence on the skull during fixation in the carbon Mayfield clamp of different pins, including the new polymer pins, to evaluate the usefulness of these pins for possible application in surgery. To our knowledge, there are no comparable data concerning the biomechanical properties of pins, their penetration depths, and histological changes of the skull after fixation in the Mayfield headholder clamp.
Methods

Experiment Setup
Ten cadaveric heads (within 24 hours post mortem) were used for this study (6 male, 4 female; mean age at death 71 ± 16 years). The measuring setup includes a skull clamp mounted on a dissection table, with 3 integrated force sensors and 3 headpins (Fig. 1C) . The skull clamp (Mayfield radiolucent skull clamp, A-2002, Integra) is mainly used during neurosurgical procedures with intraoperative CT imaging or angiography to reduce artifacts caused by metallic material in the area of the scanner.
The force sensors (KM38-1KN, ME-Meßsysteme GmbH) are based on strain gauges for measuring the axial forces on every headpin during the clamping. The range of the sensors is 0-1000 N. The dimensions of the force sensors are very small (thickness only ~ 10 mm) to influence the assembly of the pins as little as possible (Fig.   1B) . The force sensors are connected with an evaluation unit (NI-Compact DAQ-Chassis 9172 and NI Compact-DAQ/Compact RIO 9237, National Instruments), which is connected to a notebook including the evaluation software (NI DAQmx 8.3.1) (Fig. 1D ). This evaluation software tracks and saves the current load of each sensor. Geometry. The first geometry used was that of the Doro Disposable Skull Pins ( Fig. 2A) . The second geometry was used for the pins made of ceramics and polymers (Fig. 2B ). Pins made of ceramics and polymers have a material behavior different from metal. They are blunter than those of the first geometry and therefore stress the material less. The forces are concentrated on a larger material volume so the specific stress decreases.
Headpin
Test Criteria for Headpins
For the evaluation of the named materials, 3 test criteria were defined as follows. Biocompatibility. The headpin is an invasive medical device intended for short-term use (medical device classification IIa). The headpins penetrate the patient's scalp (dermal tissue) and skull (bone tissue). Therefore, the material used must be biocompatible.
Mechanical Behavior. The fixation of the patient's head must be very secure and safe. The maximum permitted clamping force of the Mayfield radiolucent skull clamp is 360 N. Therefore, the mechanical stress on the headpins is extremely high since the forces are concentrated on a very small area on the tip of the pins, creating high forces on very little material. The primary aims with regard to the mechanical resistance are no destruction of the pin (particles left in the patient's head) and no critical deformation.
The focus of this study was on the following aspects: force measurement on every pin in axial direction, depth of penetration in the patient's head, and damage to the pins during and after use. To obtain all these parameters, the measuring setup presented in Experiment Setup (see above) was used.
Artifact Behavior. All headpins currently available are made of metallic materials or ceramics. The artifacts resulting from these pins have been identified as unacceptable for iCT imaging. Using alternative materials should reduce the artifact problem and improve intraoperative image quality or rather eliminate all artifacts completely.
Regarding artifacts, CT scans were acquired using the aforementioned materials. Therefore, a specially designed wax-filled skull phantom (Synbone 8480) was used to simulate the human brain because the wax's density and absorption factor is comparable to those of the human brain. The following CT scanner was used: Sensation Open, Software Siemens_S5VB20B, tube voltage 120 KV, x-ray tube current 313, convolution kernel H50s.
The parameters of the scan reconstruction were as follows (windowing): 240 HU (width) and −160 HU (center). These parameters were used to compare the various scans of different materials. The incident artifacts were compared qualitatively. The CT scanner is the same used at our hospital for iCT scanning with the same parameters. Therefore, images are comparable to those obtained during surgery.
Histological Analysis
Subsequent to the biomechanical tests, the pin application areas of the cadavers were removed and immediately fixed in 4% buffered formaldehyde (pH 7.4). The osseous blocks were then transferred to 0.1 M EDTA for 1 week to ensure careful decalcification. After complete decalcification, the tissue blocks were sagittally cut and embedded into wax as routinely performed. Histological ~ 4-μm-thick serial sections were then used for H & E routine staining. The maximum depth of the pin impression was micromorphometrically determined.
Results
Material Biocompatibility
The biocompatibility of all selected materials has been researched (literature research). 10, 11, 18, 19, 24, [27] [28] [29] As a result it can be said that all materials are acceptable. All materials used are highly researched with regard to their biocompatible behavior.
Mechanical Strength
Force Measurement on Pins in the Axial Direction. Figure 1C shows 3 force sensors installed between the pins and the skull clamp. After fixing the patient's head, the concentrated forces on every pin in the axial direction were measured. Table 1 reveals the different forces on the 3 pins in the used materials (for naming of the pins see Fig. 1A ). Pin 1 is the most stressed pin. Its average load is ~ 419 ± 27 N in the axial direction (Table 1) . Pin 2 is stressed with an axial force of ~ 244 ± 30 N. Pin 3 is stressed with an axial force of ~ 185 ± 29 N. These forces are significantly different between Pins 1 and 2, Pins 1 and 3, and Pins 2 and 3 (p < 0.05). Figure 3 shows exemplary graphs of the axial forces measured during fixation of heads for pins made of titanium, silicon nitride, sapphire, and polyparaphenylene. The peaks of the forces reveal the stepwise fixation of the head to the maximum force of ~ 400 N (5 visible rings in the Mayfield clamp). Fixation dynamics are comparable between the different materials as no significant differences between the graphs of the used materials can be seen.
Histological Findings. On histological sections, the points of pin impression presented as spotlike, domeshaped destructions of the external tabule of the skull with slight split-off of bone trabeculae. There was no foreign material residue attached to the impression margins or detectable between bone trabeculae. The impressions reached a maximal depth of 1.4 mm and never penetrated the external osseous tabula completely. The impression depth ranged between 0.1 and 1.4 mm, and there was no obvious difference between the different pin groups, except for the materials that were not able to penetrate the external tabule (Macor, PEEK, PEEK CF30, and PEEK GF30). For Pin 1, the mean penetration depth was 0.5 mm (range 0.1-1.4 mm); for Pin 2, it was 0.5 mm (range 0.1-1.0 mm); and for Pin 3, it was 0.3 mm (0.1-0.6 mm). Regarding the different materials, the following data were acquired for penetration depths: titanium 0.4 ± 0.2 mm (range 0.1-1.2 mm), ceramics 0.6 ± 0.5 mm (range 0.1-1.4 mm), composites 0.4 ± 0.3 mm (range 0.2-0.8 mm), and for polymer pins 0.3 ± 0.2 mm (range 0.1-0.7 mm). It has to be mentioned that all results are only applied to adult heads. Table 2 shows the different values for the different pins and materials. Figure 4 demonstrates the impression of the pin into the skull.
Damage to the Pins. To research the mechanical strength in a first step, the first geometry was used. These pins were tested using the following procedure: standard fixation of the patient's head, testing patient fixation by trying to move the head, and release of the patient's head.
After releasing the fixation, the prototypes were visually inspected for deformation and defects. Except for the pins with a metallic or ceramic composition, all other pins showed defects or deformations. Of the polymer and composite pins, the polyparaphenylene copolymer showed the best results, so pins made of these materials were produced according to the second geometry (see Headpin Characteristics). These pins did not show any differences with regard to the depth of penetration but only with regard to the mechanical behavior. Pins made in the second geometry did not show any defects after fixing and releasing the patient's skull.
Artifact Behavior
The artifacts produced by the different materials are shown in Fig. 5 . As a result, it can be said that titanium shows very poor artifact behavior (Fig. 5A) . The artifacts produced by the ceramic pins were moderate for silicon nitride, and those produced by the zirconium oxide pins were very poor ( Fig. 5B and C) . The tested polymers and composites show very good artifact behavior (Fig. 5D) .
Final Results
Titanium. The headpin made of titanium shows good mechanical behavior, but its artifact behavior was inacceptable for iCT imaging.
Sapphire, Silicon Nitride, and Zirconium Oxide. The pins made out of sapphire, silicon nitride, and zirconium oxide showed good characteristics with regard to biocompatibility and mechanical behavior, but their artifact behavior was only moderate.
Polyetheretherketone, PEEK CF30, PEEK GF30
, and Macor. Because of their bad mechanical behavior, these materials were not explored in more detail.
Polyparaphenylene Copolymer. The headpin made out of the polyparaphenylene copolymer shows the best overall results. The material is biocompatible, the mechanical behavior is very good, and it does not cause any x-ray artifacts.
Discussion
Mayfield Pins
A firmly fixed cranium is required during most intracranial procedures and is best achieved with pin-type headholders.
1 Although the use of such devices is widespread, associated complications are extremely rare. Infection at the site of scalp perforation, 9 slippage of the head, 6,9 venous air embolism, 3, 8 penetration into the skull, 1,2,17 epidural hematoma, 2,17 tension pneumocephalus, 1 and traumatic aneurysm of the superficial temporal artery 6 have been described. Among these complications, the development of skull penetration and epidural hematoma have been reported only with the use of headholders other than those equipped with spring-loaded pins. Regardless of the type of headholder, the lack of control over the mechanical forces exerted on the skull and the varying thicknesses of the calvarial bones may be responsible for the occurrence of such complications.
However, so far there has been no study of the penetration depth of pins and the localization of the tips of pins after fixation. With the presented data, for the first time a systematic analysis of the penetration depths could be given. It could be shown that in general pins do not penetrate into the diploe of the skull bone. Therefore, cases of air embolism and penetration of pins into the brain should be extremely rare in adults.
Intraoperative CT Scanning and Navigation
The remarkable progress and increasing cost performance in the field of medical imaging technology have provoked developments in clinical imaging during neurosurgery. Intraoperative CT scanning is a noteworthy developing intraoperative imaging method in modern neurosurgery. 5, 13, 20, 25, 26 In 1979, Shalit and his group 26 reported a case in which they used iCT scanning during resection of a recurrent glioma. This was the first trial of iCT in the literature.
The benefit of iCT scanning in neurosurgery is clearly its ability to provide intraoperative updates with less investment concerning hardware and refurbishment of the operating room compared with intraoperative MR imaging. This helps eliminate, or at least minimize, the problem of brain shift. In addition, iCT scanning offers the possibility of CT-guided interventions (for example, biopsies, catheter placements, or cyst aspirations). The monitoring of potential intraoperative complications is another major benefit, as is the possibility of having a neuroradiological verification of surgical results. Combining iCT with navigation systems is a new feasibility and concept of modern iCT scanning and a very helpful tool during surgery. The advantages of the combined application of iCT and neuronavigation are the realization of neuronavigation without preoperative images and the possibility of recalibration with intraoperative images at any time during surgery. 12, 13, 15, 16, 22, 23 The accurate intraoperative correlation between instrument position and anatomical structures is sometimes amazing and is a good example of the high technical standards of current developments. However, the greatest advantage of using this combined system is the increase in the accuracy, safety, and precision of neurosurgical procedures.
For the acquisition of practical iCT images, exclusive head fixation and a suitable operating table are required. Engle, Lunsford, and their colleagues 4,5,13 developed a rigid head fixation using ceramic material for iCT scanning and reported their experience of brain tumor resection guided by iCT. However, ceramic material is radiopaque on radiographs. It was limited only to the iCT scanning and was not applicable for other radiological study, such as intraoperative radiofluoroscopy and angiography. Recently, a carbon-composite material has been introduced into medical instrumentation. Hieshima and associates 7, 14 have used the "carbon-composite" headholder for the acquisition of intraoperative digital subtraction angiography.
However, all so far commercially available pins displayed artifacts in a modern multislice scanner especially for high-resolution imaging like CT angiography or CT perfusion studies, another possible domain of iCT.
Based on the results of our laboratory tests, the polymers that we used show excellent artifact behavior on CT scans. Therefore, pins of this material were made and compared with pins made of different materials, like ceramics and common titanium for iCT scanning. It could be demonstrated that the new polymer pins are comparable to the traditionally used pins in their mechanical characteristics but superior in their artifact behavior. Due to the nearly artifact-free images, the new polymer pins will be a useful tool for iCT scanning.
Conclusions
In the present study, we aimed to evaluate newly developed headholder pins made of polymers (polyparaphenylene) for use during iCT scanning. These new pins are biocompatible, comparable in their mechanical strength and behavior and the penetration depths into the skull bone without opening of the diploe. With regard to their artifact behavior, the CT scans obtained are excellent in image quality with almost no artifacts and thus, in this respect, the newly developed polymer pins are clearly superior to the commonly used pins. Therefore, the introduction of these pins into routine iCT scanning will be beneficial.
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